Abstract-A multigeneration acclimation experiment was performed with Daphnia magna exposed to copper to assess possible changes in tolerance and to establish the optimal concentration range (OCEE) of this species. The hypothesis was tested that as the bioavailable background concentration of an essential metal increases (within realistic limits), the natural tolerance (to the metal) of the acclimated/adapted organisms and communities will increase. During 18 months the daphnids were exposed to six different, environmentally relevant, copper background concentrations ranging between 0.5 and 100 g Cu L Ϫ1 (7 ϫ 10 Ϫ15 and 3.7 ϫ 10 Ϫ9 M Cu 2ϩ ). An increase in acute (effect concentration resulting in 50% immobility: 48-h EC50) and chronic copper (effect concentration resulting in 50% or 10% reproduction reduction: 21-d EC50, 21-d EC10) tolerance was observed with increasing exposure concentration. The 48-h EC50 increased significantly from 204 Ϯ 24 g Cu L Ϫ1 to 320 Ϯ 43 g Cu L Ϫ1 . A nonsignificant change from 48.0 (47.9-48.0) g Cu L Ϫ1 to 78.8 (66.3-93.6) g Cu L Ϫ1 was noted in the chronic toxicity assays. The optimal concentration range was assessed using different biological parameters (i.e., net reproduction [R 0 ]), energy reserves (E a ), body length measurements, filtration rates, and body burdens. After three generations of acclimation the OCEE ranged between 1 and 35 g Cu L Ϫ1 (2 ϫ 10 Ϫ14
INTRODUCTION
Life has evolved in the presence of metals of which several, like copper, have essential biological functions [1] . For each species, in theory, a bell-shaped dose-response curve can be constructed, with deficiency symptoms occurring at low concentrations and toxic effects occurring at high concentration. Van Assche et al. [2] and Hopkin [3] called this the optimal concentration range for essential elements (OCEE) or window of essentiality, respectively. Between the two extremes generally there is an optimal concentration range within which an organism experiences optimal growth, development, and reproduction. When the environmental concentration of an essential element is within the optimal concentration range, organisms can regulate their internal concentrations of the element through binding, detoxification, and elimination [4] . As the natural background concentration of metals in various ecosystems can vary considerably, the range to which the resident species are adapted varies accordingly. Acclimation and/or adaptation to extreme high concentration of metals in the natural environment are well documented for plants and animals [5] . However, these phenomena also can be induced by metal exposure in the laboratory during experiments and culturing [6] [7] [8] . Organisms cultured in media with relatively high metal concentrations become less sensitive [9] [10] [11] , while the opposite is found in organisms cultured in metal deficient media [12, 13] . To our knowledge, no acclimation studies using metal background concentration similar to those encountered in nature (i.e., nonpolluted water bodies) are described in literature.
Indeed, most acclimation studies were performed at unrealistically high metal concentrations. Monitoring acclimation and subsequent changes in organism sensitivity generally is performed using acute toxicity tests [7, 14, 15] . Reports on the effects of laboratory acclimation to metals on other levels of organization (biochemical, physiological, population level) and the possible shift in the OCEE are rare. The effect of acclimation duration on subsequent responses also is not well documented. According to Kuwabara and Leland [9] and Caffrey and Keating [16] , ultimate acclimation effects were observed after 20 generations for Pseudokirchneriella subcapitata and Daphnia pulex, respectively. The first authors indicated that the initial effects could be observed within the first five generations. In contrast, LeBlanc [6] observed acclimation effects after less than 24 h of pre-exposure to a metal. For fish, maximum induced metal tolerance was observed within 5 d up to several weeks [17] . Multigeneration metal acclimation experiments with daphnids are scarce. LeBlanc [6] investigated the survival of D. magna during 12 generations of copper exposure. Münzinger [18] studied the acclimation of D. magna to nickel during seven successive generations. Recently, Muyssen and Janssen [13] reported effects of multigeneration zinc acclimation of D. magna.
The possible ecological importance and implications of different metal background concentrations have not been considered in applied ecotoxicology. Especially for essential elements, this variability may have important consequences for the derivation of environmental quality criteria [19] . Because organisms are dependent on essential metals for optimal growth and development, all species are acclimated (or adapted) to a range of bioavailable background concentrations oc-curring in their habitat. The importance and consequences of copper acclimation/adaptation of daphnids to bioavailable background concentrations of copper on resulting toxicity data have not been investigated.
The objectives of this research were to assess the influence of multigeneration acclimation of D. magna to copper on acute and chronic sensitivity to this metal and to establish the OCEE of D. magna for copper before and after acclimation to copper using physiological and population level test criteria.
MATERIALS AND METHODS

Experimental test design
Six D. magna cultures were acclimated simultaneously to different copper concentrations during an 18-month period. Daphnia magna Straus (clone K6) used in all our experiments originally was collected from a pond in Kiel (Antwerp, Belgium) and has been cultured successfully under controlled laboratory conditions for over 15 years. Animals were cultured under semistatic conditions in 2-L polystyrene aquaria containing 2 L of acclimation culture medium. These aquaria, which contained 200 daphnids, were gently aerated and the medium was renewed twice a week. While cleaning, adults were separated from juveniles with the aid of a 1,200 m and 200 m sieve, retaining adults and juveniles, respectively. Adults were returned to the culture medium and juveniles were used in experiments or discarded. Cultures and toxicity assays were kept in separate rooms and materials in contact with the culture and test media were soaked for 24 h in 1% HNO 3 (pro analysis [p.a.], VWR International, Leuven, Belgium) and rinsed with deionized water. The acclimation concentrations ranged from 0 to 150 g L Ϫ1 dissolved copper. Copper concentrations were prepared by diluting a concentrated stock solution of CuCl 2 (0.1 g Cu L Ϫ1 ) in the modified M4 medium (see below).
Acclimation was initiated by transferring juveniles (Ͻ24 h) from the main laboratory culture to six different copper acclimation culture vessels. Offspring of these daphnids are referred to as the first generation (F1) and were used to initiate the second-generation (F2) culture. Each generation culture was maintained for 40 d. For each acclimation culture, experiments were performed to assess the daphnids' sensitivity in acute and chronic toxicity assays and their energy reserves. All toxicity tests were carried out using neonates (Ͻ24 h) originating from third-to sixth-brood females. Adults were used for determining body concentrations of copper. Juveniles of daphnids acclimated for six generations to 100 g Cu L
Ϫ1
subsequently were transferred to a 150-g Cu L Ϫ1 culture and maintained for an additional five generations.
The chemically defined M4 medium [20] was modified and used as both culture and test medium. In the modified medium, ethylenediaminetetraacetic acid was omitted and Aldrich humic acid (Sigma Aldrich Chemie, Steinheim, Germany) was added at a concentration of 5 mg C L Ϫ1 . This was performed to obtain a more environmentally realistic medium than the standard M4 medium [21] . The hardness was decreased to 180 mg L Ϫ1 as CaCO 3 by adding less CaCl 2 ·2H 2 O and MgSO 4 ·7H 2 O stock solution to the medium and no copper was added to the stock culture medium. The pH (pH meter P407, Consort, Turnhout, Belgium) of the medium was 7.7 Ϯ 0.2. All chemicals were purchased from VWR International and were reagent grade. Stock solutions of dissolved organic carbon were prepared by dissolving 5 g of Aldrich humic acid in 2 L of deionized water, equilibrating the solution for 24 h at 4ЊC, and filtering it through a 0.45-m filter (Gelman Sciences, Ann Arbor, MI, USA). Dissolved organic carbon measurements were performed with a total organic carbon-5000 analyzer (Shimadzu, Duisburg, Germany).
Stock cultures, as well as experimental animals, were fed a mixture of the algae Pseudokirchneriella subcapitata (Korshikov) Hindak (formerly known as Selenastrum capricornutum Printz and Raphidocelis subcapitata) and Chlamydomonas reinhardtii in a 3:1 ratio. The algae were not cultured in a copper-free media [22] , resulting in a maximum total copper concentration (adsorbed ϩ absorbed) in the algae of 10 Ϫ15 g cell Ϫ1 . As the organisms grew, increasing amounts of food were supplied: From 0 to 7 
Acute toxicity experiments
Acute toxicity assays were performed following the Organisation for Economic Cooperation and Development Test Guideline 202 (Paris, France) [23] . The test medium used was the modified M4 medium as described above. Five replicates of five juveniles (Ͻ24 h) were exposed to at least six test concentrations ranging from 56 g Cu L Ϫ1 to 560 g Cu L
Ϫ1
and a control. In order to obtain near-equilibrium situations for the copper-dissolved organic carbon reactions, all spiked media were made 24 h prior to the introduction of the daphnids. Each test vessel contained 50 ml of test medium. After 48 h the number of immobilized organisms in each vessel was counted and the 50% effective concentration (48-h EC50) was calculated following the trimmed Spearman-Karber method [24] . Reported 48-h EC50s are based on measured (dissolved) copper concentrations.
Chronic toxicity experiments
Chronic experiments were performed following the Organisation for Economic Cooperation and Development Test Guideline 211 [25] . The test medium used was the modified M4 medium as described above. Ten replicates of one juvenile (Ͻ24 h) were exposed to at least six copper concentrations, ranging from no copper addition (control) to 125 g Cu L Ϫ1 . Each test vessel contained 50 ml of test medium. Three times a week, the medium was renewed and age-specific survival (l x ) and reproduction (m x ) was recorded. Food was supplied daily at the same age-dependent algal concentration as those used in the acclimation cultures (see above). The chronic tests were terminated at day 21 and the intrinsic rate of natural increase r m and net reproduction R 0 were calculated using successive approximations of Lotka's formula [26] according to Southwood [27] . 21 21
The 21-d EC50s and EC10s (i.e., the concentration at which 10% of the organisms are affected) with 95% confidence intervals were calculated with a logistic fitting in Statistica (SPSS, Chicago, IL, USA). Calculated values are based on measured copper concentrations.
Feeding behavior
Relative filtration rates were used as measures of feeding behavior. Feeding experiments were performed with 7-d-old daphnids originating from the fourth-generation acclimation cultures in 2-L aquaria. An initial algae concentration of 8 ϫ 10 6 cells algal mix daphnid Ϫ1 day Ϫ1 (ϭ 6 ϫ 10 6 cells P. subcapitata daphnid Ϫ1 day Ϫ1 ) was added after renewing the media. Daphnids were allowed to feed for 24 h after which the final P. subcapitata cell density was measured using a coulter counter (Model DN, Harpenden, Herts, UK). The medium was shaken by hand to resuspend any settled cells. Each measurement consisted of two replicates.
Relative filtration rates were calculated using a simplified version of Gauld's equation [28, 29] ln C Ϫ ln C V 
Energy reserves (E a )
The daphnids' energy reserves were measured following the cellular energy allocation (CEA) method described by De Coen and Janssen [30] . This method is proposed as an alternative for the conventional, more labor-intensive scope-forgrowth methodology developed by Warren and Davies [31] . The CEA concept is based on a biochemical assessment, using calorimetric methods, of the organisms' energy consumption (E c ) and energy available for metabolism (E a ).
For each generation, a total of 300 D. magna juveniles (Ͻ24 h) originating from each acclimation culture were exposed for 96 h to four copper concentrations (i.e., control, acclimation concentration, 75 and 125 g Cu L
Ϫ1
). The organisms were fed daily at an algal concentration of 6 ϫ 10 6 cells algal mix daphnid
. At the beginning of the exposure (t ϭ 0) and after 96 h, daphnids were collected and shock-frozen in liquid nitrogen (Air Liquide, Luik, Belgium). The energy available E a (carbohydrate, protein, and lipid content) in the organisms was determined using the methods described in De Coen and Janssen [30] .
Internal body copper concentration
A total of 60 D. magna (3 replicates of 20 daphnids) from each acclimation culture were sampled after 40 d, rinsed with deionized water, and transferred to 5 ϫ 10 Ϫ3 M ethylenediaminetetraacetic acid (Sigma Aldrich Chemie) for 20 min to remove copper adsorbed to the daphnids' carapace. The samples subsequently were dried in polypropylene test tubes (Laborimpex, Brussels, Belgium) at 50Њ until no change of the dry weight was observed. The organisms were weighed (Mettler H35, Zürich, Germany) and subsequently digested by adding 1 ml of 14 N HNO 3 (p.a., VWR International) to the test tubes. The samples were heated in a microwave (Samsung MF245, Korea) using three cycles of 5 min with increasing power capacity. Cooled samples were diluted with 9-ml bideionized water and stored until analysis with the atomic absorption spectrophotometer (see below).
Length measurements
For each acclimation culture, the carapace length of 20 daphnids of the sixth generation was measured. Adult (21-dold) organisms were measured with the aid of a microscope (Kyowa, Tokyo, Japan) equipped with an ocular micrometer ruler. The length of the daphnids was measured in two ways (see Discussion section): From top of the head to the base of the spine and from top of the head to the tip of the spine.
Copper measurements
Copper concentrations in test and culture media were analyzed using flame (quantification limit 18 g Cu L
Ϫ1
) or a graphite furnace atomic absorption spectrophotometry (Varian, Mulgrave, Australia). Ten-ml water samples were acidified (pH Ͻ 2) with concentrated 14 N HNO 3 (p.a., VWR International) and measured. Calibration standards (Sigma Aldrich Chemie) and reagent blank were analyzed with every ten samples. All reported copper concentrations are dissolved concentrations (0.45 m filtered). Spectrophotometric analysis of the nominal zero concentration could assure that copper concentrations were Ͻ0.5 g Cu L Ϫ1 . Results of acclimation to nominal zero concentration, therefore, will be referred to as 0.5 g Cu L Ϫ1 . Based on the measured copper concentrations in the culture media, copper activities were calculated using the upgraded WHAM V (Windermere Humic Aqueous Model Ver V) [32] 
Statistical analysis
The effects of the various copper concentrations on the daphnids' response were compared using one-way analysis of variance and Duncan's multiple range test (Statistica, Tulsa, OK, USA). Homogeneity of variance and normality was tested using Bartlett's and Kolmogorov-Smirnov test, respectively. In case both tests failed, log 10 transformation was used to agree with normality test and the test endpoints where compared with the nonparametric Mann-Whitney U test. Statements of significant differences are based on accepting p Ͻ 0.05.
RESULTS
All experiments were performed in the modified M4 medium with a dissolved organic carbon concentration of 5 mg C L Ϫ1 . The results of the acute copper sensitivity of D. magna juveniles originating from the first, fourth, and 14th generation, acclimated to six different copper concentrations are shown in Figure 1 . Acclimation did not significantly affect first-gen-B.T.A. Bossuyt and C.R. Janssen 
Ϫ1
and 310 Ϯ 20 g Cu L
, respectively. Daphnids acclimated to higher copper concentrations (150 g Cu L
) showed no further increase of copper tolerance and after five generations of acclimation their 48-h EC50 was still 301 Ϯ 7 g Cu L
(n ϭ 3). Return of juvenile daphnids acclimated to 100 g Cu L Ϫ1 to medium without copper addition resulted in loss of the increased copper tolerance within one generation. These returned daphnids had a 48-h EC50 of 220 Ϯ 8 g Cu L Ϫ1 (n ϭ 3), which is similar to that of daphnids acclimated to 1 g Cu L
. The mean acute copper sensitivity (n ϭ 22) of the daphnids acclimated to copper for 15 generations is presented in Figure 2 . The values ranged between 204 Ϯ 24 g Cu L
and 320 Ϯ 43 g Cu L
. A significant increase in 48-h EC50 already was observed with daphnids acclimated to 12 g Cu L Ϫ1 compared to organisms acclimated to 0.5 g Cu L Ϫ1 . Although the data fitted a linear regression equation (y ϭ 1.1 * x ϩ 217, r 2 ϭ 0.94) with y the 48-h EC50 and x the acclimation concentration (g Cu L
), there seems to be a plateau between 1 and 12 g Cu L Ϫ1 in which there is almost no decrease in copper sensitivity. The 48-h EC50 expressed as copper activities, computed with WHAM, ranged between 15.9 Ϯ 2.9 nM Cu 2ϩ and 43. An increase in offspring per female also was observed in the sixth generation compared to the first generation (Fig. 3) . The first-generation daphnids had an optimum range situated between 0.5 and 1 g Cu L Ϫ1 . For sixth-generation daphnids this range was 1 to 35 g Cu L Ϫ1 . Daphnids acclimated to 5 g Cu L Ϫ1 exhibited the highest net reproduction. In the lowest and the highest acclimation cultures, significantly lower ju- Table 2 . Intrinsic growth rate with standard deviation (SD) of first (F1)-, fourth (F4)-, and sixth (F6) venile production was observed in sixth-generation daphnids compared to that in the optimal range. From the third generation on, daphnids acclimated to the highest copper concentration started to survive and reproduce in the chronic experiments. The intrinsic growth rate of first, fourth, and sixthgeneration organisms is presented in showed a significant decrease in intrinsic growth rate with subsequent generations. No such decreases and no increases were found in intrinsic growth rate for daphnids acclimated to 0.5, 1, and 5 g Cu L
. Mortality of daphnids acclimated to 0.5, 1, 5, 12, and 35 g Cu L
never exceeded 5% in the chronic experiments at the acclimation exposure concentration. For daphnids acclimated to 100 g Cu L Ϫ1 and exposed in chronic experiment to 100 g Cu L
, the mortality decreased from 100% to less than 20% in the sixth generation.
The mean relative filtration rates (n ϭ 8) of fourth-generation daphnids are presented in Figure 4 . Daphnids had significantly higher filtration rates at copper concentrations between 1 and 35 g Cu L Ϫ1 compared to these at 0.5 and 100 g Cu L
. No significant difference was observed between relative filtration rates of daphnids acclimated to 0.5 and 100 g Cu L Ϫ1 . The mean optimal filtration rate was 1.3 Ϯ 0.1 ml daphnid Ϫ1 h Ϫ1 . In parallel with the chronic toxicity experiments, the energy reserves of juvenile daphnids, taken from the different acclimation cultures, were determined (Fig. 5) . Compared to firstgeneration measurements, significant increases in energy reserves were observed in all subsequent generations (F3-F14).
In these generations, the optimal range was situated between 1 up to 35 g Cu L Ϫ1 . In all generations, significantly lower energy reserves were noted for daphnids acclimated to 0.5 and 100 g Cu L Ϫ1 , compared to the organisms acclimated to the optimal copper concentrations. In general, energy reserves consisted mainly of lipids (70%), followed by sugars (20%) and proteins (10%) ( Table 3 ). These fractions were consistent for all generations. Almost no changes were observed in protein content between acclimation concentrations and generations. Acclimation processes affected sugar and lipid content significantly.
For each generation, body burdens were measured in the adult daphnids after 40 d of culturing. Significant increases were observed with increasing acclimation concentration (Table 4). First-generation daphnids showed a high increase in body burdens with increasing acclimation concentration (factor 17). In all subsequent generations, daphnids acclimated to 5, 12, 35, and 100 g Cu L Ϫ1 showed a significant decrease in their body burdens compared to first generation. A fairly constant level of body burdens (12 mg Cu kg dry wt Ϫ1 ) was observed in daphnids acclimated from 1 up to 12 g Cu L Ϫ1 , indicating an active copper regulation.
No significant differences in length of sixth-generation adults (n ϭ 20) acclimated to a copper acclimation concentration of up to 100 g Cu L Ϫ1 were noted (Table 5) . Daphnids acclimated to 150 g Cu L Ϫ1 exhibited a significant decrease in their carapace length. The ratio of the length of the spine to the total length of the daphnids indicated that daphnids acclimated to 0.5 and 150 g Cu L Ϫ1 had significantly higher ratios than the daphnids acclimated to 1, 5, 12, 35, and 100 g Cu L Ϫ1 (see Discussion section).
DISCUSSION
As already described in Bossuyt and Janssen [21] , the copper concentrations used in this acclimation experiment (0.5- 
. The fifth to 98th percentile copper range interval in Europe is situated between 0.5 and 35 g Cu L Ϫ1 (i.e., 3 ϫ 10 Ϫ13 Ϫ 2 ϫ 10 Ϫ7 M Cu 2ϩ ). The significant increase in acute tolerance of daphnids acclimated to 100 g Cu L Ϫ1 is in agreement with the results described for third-generation daphnids [21] . The increase in copper tolerance of daphnids acclimated to 12 and 35 g Cu L Ϫ1 was not observed in the first generation (F1). According to Klerks and Levinton [33] , two phenomena can account for an increased tolerance in organisms. Exposure to a pollutant can lead to physiological acclimation or behavioral changes within the life span of the exposed organism. However, exposure to a pollutant also can lead to natural selection for an increased tolerance, resulting in genetic adaptation to the pollutant. If physiological acclimation is the cause of the increased tolerance, it will not be passed on to offspring of the exposed animals. in the case of genetic adaptation, the resistance will be maintained in the offspring. Loss of the increased copper tolerance after returning acclimated organisms to medium without copper addition, confirm that the former mechanism was responsible for the results obtained in this multigeneration study. No further increase in copper tolerance was observed in daphnids acclimated to 150 g Cu L Ϫ1 , compared to that of daphnids acclimated to 100 g Cu L Ϫ1 . Similar results of the existence of a certain acclimation plateau also are observed in acclimation experiments with zinc for D. magna [13] and rainbow trout [34] . It may be hypothesized that the increased copper tolerance is leveling off when daphnids are acclimated to a concentration higher than half of the EC50 concentration. Our results suggested that the increase in copper tolerance (Fig.  2 ) may be divided into four parts. In the first part, there is a slight decrease in daphnids' copper sensitivity due to the loss of copper deficiency effects (Ͻ1 g Cu L Ϫ1 ). This is followed by a certain plateau in which there is no increase in 48-h EC50 up to 12 g Cu L Ϫ1 (the second part). In the third part, there is a significant increase in copper tolerance, followed by the fourth part in which the copper tolerance is leveling off (Ͼ100 g Cu L Ϫ1 ). LeBlanc [6] also found that daphnids acclimated for 12 generations to high (bioavailable) copper (30 g Cu L Ϫ1 in reconstituted hard water) concentrations exhibited an increased copper tolerance, which was lost within one generation after return to the control medium. He used the resistance factor method (i.e., 48-h EC50 of copper-acclimated organisms divided by the 48-h EC50 of nonacclimated organisms) to illustrate the increase of copper tolerance. In this multigeneration study, the resistance factor of 1.3 for firstgeneration organisms increased up to 2.8 for fourth-generation daphnids acclimated to 100 g Cu L Ϫ1 (3.7 nM Cu 2ϩ ), when based on calculated copper ion activities. However, when expressing the EC50 as total copper concentration, the mean resistance factor was only 1.6, which is similar to the one found by LeBlanc [6] . In our study, the chronic resistance factor for sixth-generation daphnids was similar to the acute one and ranged between 0.9 and 1.8 for 21-d EC50 with a mean of 1.5. Still, it has to be noted that no clear trend was observed in chronic tolerance.
As a validation of the increased acute tolerance observed in our laboratory experiments, daphnids collected from a copper microcosm experiment were tested. The microcosm study was performed in the Fraunhö fer Institute in Schmallenberg, Germany by Schäfers [35] and consisted of seven different copper concentrations: 5, 10, 20, 40, 80, 160 g Cu L
Ϫ1
, and a control. To test our hypothesis, juvenile daphnids were collected at the end of the study, after four months of exposure, and were used in acute experiments. Although the daphnids of the microcosm system were cultured in a nutrient-poor ecosystem, resistance factors similar to those observed in our laboratory experiments were noted. For daphnids collected from 20 g Cu L Ϫ1 exposure, a resistance factor of 3.2 Ϯ 0.1 was noted (results not shown). A significant (p Ͻ 0.05) increase (compared to the control) in acute copper tolerance also was observed for the daphnids exposed to 5 g Cu L Ϫ1 (resistance factor: 2.5 Ϯ 0.5). Daphnids acclimated to 40, 80, and 160 g Cu L Ϫ1 could not be tested, due to their low density. The ecosystem no-observed-effect concentration for the microcosm was around 20 g Cu L Ϫ1 (6,100 pM Cu 2ϩ ) [35] . Increased acute copper tolerance, thus, probably can occur in field organisms occurring in systems with a copper concentration above 12 g Cu L Ϫ1 (4 ϫ 10 Ϫ12 M Cu 2ϩ ). Nevertheless, this difference in sensitivity due to acclimation to copper background concentrations is very small compared to that resulting from interclonal sensitivity differences. A factor of 2.4, 6.7, and up to 200 was found in toxicity studies with different clones of D. magna for zinc, copper, and cadmium, respectively [15, 36, 37] . Bossuyt and Janssen (unpublished data) observed up to a factor ten differences in copper sensitivity due to interclonal variation.
Except for the reports on zinc acclimation by Muyssen and Janssen [11] and Muyssen et al. [38] , no literature is available on optimal metal concentration ranges for D. magna. In our study, the optimal concentration range for copper observed using the energy reserves as endpoint is in agreement with the results observed for chronic reproduction and feeding behavior (i.e., between 1 and 35 g Cu L Ϫ1 [2 ϫ 10 Ϫ14 Ϫ 80 ϫ 10
Ϫ12
M Cu 2ϩ ]). Copper deficiency and toxicity effects observed outside this range can be linked to the observed lower energy reserves, which may, in turn, be related to the activation of energy-consuming processes. Indeed, outside this established OCEE, the daphnids probably used more energy reserves to maintain their homeostasis and to compete with deficiency and toxicity stress, resulting in less energy available for reproduction (Fig. 3) . This phenomenon has been described previously and termed as the cost of tolerance [39] or physiological cost [40] . In this context it may be suggested that at high copper concentration, daphnids probably produce metallothioneins to detoxify the copper inside their bodies [41] or produce copper granules [42] to store copper in an inactive form. Rainbow and White [43] found copper-rich granules in hepatopancreatic cells of decapods exposed to high copper concentrations. Conversely, at low copper concentrations (below essentiality concentration), daphnids may increase their energy consumption, as they have to actively increase copper uptake rates to fulfill their copper requirement. Flickinger et al. [44] assumed that lower feeding rates in D. magna were linked with increased chronic copper stress. Ferrando and Andreu [45] also observed copper-induced effects on the filtration rate of D. magna. Up to a copper concentration of 20 g L Ϫ1 , they observed an increase in filtration rate; a significant decrease was noted at concentrations Ն50 g L
Ϫ1
. According to De Coen and Janssen [30] , the CEA biomarker clearly can be linked to population level. They observed a highly significant relationship between CEA and r m and R 0 of daphnids exposed to sublethal cadmium concentrations. We performed a Spearman rank order correlation test on our data and found a good correlation (r 2 ϭ 0.9; p Ͻ 0.05) between the mean energy reserves (F3-F14) and the mean, 21-d chronic reproduction (F3-F14). The correlation between energy reserves and intrinsic growth rate had a lower significance and the determination coefficient dropped from 0.8 to 0.3 when the data point of 100 g Cu L Ϫ1 was omitted, indicating that this correlation was less important.
The energy fraction data indicate that approximately the same percentage of all three energy sources is used to combat copper stress (deficiency and toxicity). Expressed as energy consumption, more lipids are used to compete with the stress, followed by glycogen and proteins. The highest increases for lipids and sugars are observed mainly in the optimal range (2.4 ϫ 10 Ϫ14 Ϫ 8.0 ϫ 10 Ϫ11 M Cu 2ϩ ). At higher (toxicity) and lower (deficiency) copper acclimation concentrations, decreases were observed in all three parameters. Bodar et al. [46] concluded that of the three energy reserve fractions analyzed, glycogen, probably followed by lipids, was depleted first in cadmium-stressed daphnids. This discrepancy with our study possibly can be explained by the fact that copper (essential) and cadmium (nonessential) affect daphnids differently.
From our results, it may be hypothesized that at lower copper acclimation concentrations (deficiency), organisms try to regulate their internal copper by depleting the copper from the medium, but never reach the same level as in the optimal copper concentration range. A possible indication for this active accumulation is the increase of copper body concentrations daphnids acclimated to 0.5 g Cu L Ϫ1 compared to these of the first generation. At higher copper concentrations (Ͼ100 g Cu L Ϫ1 ), the active regulation fails with body concentrations up to 250 mg Cu kg dry weight Ϫ1 , resulting ultimately in toxicity. The high body concentrations may suggest that at least some of the accumulated copper is in detoxified form as there was no hard evidence of metallothionein induction (B. Bossuyt, unpublished data). Similar results for zinc were observed in D. magna [47] and in mussels [48, 49] . Both reports concluded that with increased active regulation and increased withstanding of toxicity, organisms need to put more energy in their metabolism, resulting again in lower reproduction rates, as mentioned above.
Only daphnids acclimated to 150 g Cu L Ϫ1 (12.9 nM Cu 2ϩ ) had a decrease in size, indicating that length of daphnids was not a very sensitive parameter in our study. Winner [50] also observed a decrease in body size of D. magna with increasing copper concentration. The length of the spine is according to ecological studies dependent on stress (e.g., predators, food concentration) [51] . According to our results, the spine length is related to the experienced copper stress (deficiency-toxicity). The decrease of the ratio of the length of spine to total body length of the daphnids is in agreement with the optimal concentration range found in reproduction, energy reserves and body burdens.
CONCLUSION
Within the selected, environmentally relevant copper acclimation range, the acute copper tolerance of D. magna increased with increasing copper acclimation concentrations. Based on the net reproduction, an optimal concentration range was observed between 1 and 35 g Cu L Ϫ1 (0.02-80 pM Cu 2ϩ ). Lower and higher copper acclimation concentrations resulted in reduced reproduction due to copper deficiency and toxicity, respectively. Similar observations were made using the daphnids' energy reserves and filtration rates as endpoints. Based on body concentration measurements, active copper regulation was observed between 0.5 and 35 g Cu L Ϫ1 (0.007-80 pM Cu 2ϩ ). It can be concluded that acclimation can occur in the field at environmentally relevant copper concentrations.
